In this paper, thin-layer infrared drying behavior of dewatered municipal sewage sludge was systematically investigated. Drying experiments were conducted at drying temperatures from 65 to 135 and the thickness of sludge cake from 2 to 10 mm. Twenty thin-layer drying kinetic models were selected to model the drying process, and model parameters were evaluated by nonlinear regression method, of which, two different nonlinear error functions (R 2 , RSS) were examined to gauge the goodness-of-fit. The experimental results manifested that Hasibuan and Daud model is the best suitable model with highest R 2 values from 0.99951 to 0.99996 and lowest RSS values from 3.3×10 -4 to 0.00117 under our experimental conditions; drying rate increased with increase in drying temperature and decrease in the thickness of sludge cake; effective moisture diffusivity notably increased as drying temperature increased; activation energy for drying process was 34.9211 kJ/mol.
Introduction
With the increasingly stringency of environmental legislation and the increase of domestic and industrial activities, the output of sewage sludge from wastewater treatment plants also continuously increased throughout the world 1, 2 . Therefore, how to deal with the increasing amounts of sewage sludge has become an important environmental topic.
Due to abundant organic matter content, sewage sludge can be converted into energy 3 . However, dewatered sewage sludge could not be satisfactorily incinerated owing to its high water content and low heat value 4 . Therefore, further drying of dewatered sewage sludge is required. Of several common drying methods, thermal drying has been extensively applied to stabilize sludge, reduce the mass and volume of sludge, destroy pathogens, reduce the cost of handling and transportation, and so on 5, 6 . As we all know, many dryers used for sludge thermal drying are obtainable in the market. However, relevant knowledge of drying kinetics is required for the choice of a suitable dryer and its operating parameters. Drying kinetic model can predict and simulate drying process, and provide theoretical basis for dryers design and facilitate a better understanding of drying mechanisms 7, 8, 9 . In recent years, many thin-layer drying kinetic models have been used to describe thin-layer drying behavior of sludge. However, there is not an extensively investigation on thin-layer drying kinetic models of dewatered municipal sewage sludge. The main purpose of this study was to investigate the influences of the thickness of sludge cake and drying temperature on thin-layer drying behavior of dewatered municipal sewage sludge from a sewage treatment plant, and the applicability of twenty thin-layer drying kinetic models to drying process. The main objectives of this study were: (1) to obtain a thin-layer drying kinetic model suitable for the drying process in our study; (2) 
Materials and methods

Materials
The fresh samples of dewatered municipal sewage sludge (DWMSS) were obtained from a sewage treatment plants (Beijing). Initially average moisture content of DWSS was 76 wt% (dry basis), which was measured at T=105 in sartoriu moisture analyzer MB25 (Germany).
Sludge cake was prepared into cylindrical pieces with diameter equal to 1.7cm and thickness (L) from 2mm to 10mm. Each drying experiment was performed in triplicate.
Infrared Drying Experiments
In our study, sartorius moisture analyzer MB25 (Germany) was used as drying equipment. The relevant technical features of such device are as follows: maximum power of 250 W; temperature range of 50-160 ; temperature sensitivity of 1%; maximum load of 110 g; balance sensitivities of 0.6% for 1 g sample and 0.06% for 10 g sample; balance resolution of 10 −3 g. Thin-layer infrared drying experiments of DWMSS were conducted in our laboratory. Prepared sludge cake was put on the tray in moisture analyzer. Drying temperature was set as 65, 85, 100, 115, 125 and 135 , respectively. Mass of sludge cake was recorded at 30 s intervals during drying process in order to obtain drying characteristic curve. The flow-chart of thin-layer drying experiment was shown in Fig.1 . 
Data analysis
Moisture content of sludge cake was calculated as follows 10 :
(1)
The moisture ratio (MR) was calculated by mass loss of sludge cake during drying process, just as follows 10 :
The drying rate (DR) of sludge cake was calculated as follows 10 :
Thin-layer drying models of drying curves
Semi-theoretical and empirical models describing kinetic behaviour of thin-layer drying process have been developed in literatures. The selected twenty thin-layer drying kinetic models are presented in Table 1 , just as follows. 
Nonlinear regression analysis
The nonlinear regression analysis was conducted by origin 8.0 software. Two error functions (R 2 , RSS) were used as criteria to assess the goodness-of-fit of thin-layer drying kinetic models to experimental data. The higher R 2 value and the lower RSS value, the better is the goodness-of-fit.
Determination of effective moisture diffusivity (Deff)
Due to drying process mostly occurs in the falling rate period, moisture diffusion during drying process is mainly controlled by internal diffusion. On the basis of Fick's law, and initial and boundary conditions, Reyes et al 7 derived a diffusion model for calculating effective moisture diffusivity (Deff), just as follows: (4) 
Determination of activation energy
The relationship between effective moisture diffusivity and drying temperature was described by Arrhenius equation, as shown in Eq.(5). The activation energy (Ea) can be determined from Eq. (5). (5) 3. Results and discussion
Experimental Drying Curves
The drying behavior of sludge cake in our study was similar. However, the drying time of each drying process under different thicknesses of sludge cake and drying temperatures was different. Fig.2 presented drying curve under different thicknesses of sludge cake and drying temperatures. As shown in Fig.2 , thinner sludge cake and higher drying temperature resulted in faster drying. Of which, Fig.2(a) showed that drying time required to reach the final moisture ratio were 42, 47, 60, 80, 95 and 100 min at sludge cake thicknesses of 2, 4, 6, 8 and 10 mm, respectively, the average drying rate increased 2.38 times as the thickness of sludge cake decreased from 10 to 2 mm. Fig.2 Drying rate were directly calculated from Eq. (3), and drying rate curve exhibits a certain discrete of experimental data 7 . Fig.3 presented drying rate versus moisture ratio under different thicknesses of sludge cake and dryin g temperatures. As shown in Fig.3 , drying process mostly took place in the falling rate period, which proves that diffusion due to physical mechanism governs moisture movement in sludge cake 
Mathematical Modeling of Thin-layer drying
The twenty thin-layer drying kinetic models were fitted with experimental data (moisture ratio versus drying time). The results of nonlinear regression analysis were presented in Tables 2-3. As shown in Tables 2-3, The R  2 and RSS values were from 0.24988 to 0.99996 and from 3.3×10 -4 to1627.77, respectively. Of the twenty thin-layer drying kinetic models, Hasibuan and Daud model gave the highest R 2 from 0.99951 to 0.99996 and lowest RSS values from 3.3×10 -4 to 0.00117, respectively. Therefore, Hasibuan and Daud model was the best suitable model to describe thin-layer drying characteristic of DWMSS in our study. Hasibuan and Daud model is further validated by the comparison of experimental data and predicted curve, as shown in Fig.4 . The good agreement between experimental data and predicted curve indicates that Hasibuan and Daud model could be satisfactorily applied to predict the drying process of DWMSS in our study. Similar results have been reported on the use of modified page model 30 , Wang-singh model 31 and Midilli model 32 to describe drying characteristics of sludge cake. The application of Hasibuan and Daud model is however different from these reports, which is mainly due to the difference of sludge origin and experimental conditions. 
Effective moisture diffusivity
The effective moisture diffusivity (Deff) was calculated using Eq. (4 35 .
Activation energy
The activation energy (Ea) can be determined from the slope of ln(Deff) versus 1/(T+ 273.15) (Eq. 5). In order to obtain the influence of drying temperature on Deff value, ln(De ) versus 1/(T ) are plotted in Fig. 5 , which presented a good linear relationship. 32 and 20.961 kJ/mol(dewatered sludge with L=10 mm) 32 ,respectively.
Conclusion
In our experimental conditions, thin-layer infrared drying process of dewatered municipal sewage sludge mainly occurred in the falling rate period. Moreover, it was observed that both thinner sludge cake and higher drying temperature resulted in faster drying rates, hence reducing the total drying time. 
